NMDA receptors are essential for neurotransmission and key mediators of synaptic signaling, but they can also trigger deleterious degenerative processes that lead to cell death. Growing evidence suggests that selective blockade of the heterogeneous subunits that comprise the NMDA receptor may enable better control of pharmacotherapies for treating neurological diseases and injuries. We investigated the relationship between NMDAR activation, MAPK signaling, and mitochondrial shape following an excitotoxic insult. NR2A-and NR2B-containing NMDARs differentially mediated acute changes in cytosolic calcium, alterations in mitochondrial morphology, and phosphorylation of the MAPKs ERK and JNK. Activation of NR2A-containing NMDARs was associated with JNK phosphorylation that was neuroprotective in neuronal cultures subjected to excitotoxicity. In contrast, activation of NR2B-containing NMDARs triggered calcium accumulation in mitochondria that was strongly associated with mitochondrial swelling and neuronal cell death. Indeed, while blockade of NR2B-containing receptors was neuroprotective, this protection was lost when NR2A-initiated JNK phosphorylation was inhibited. Given the modest selectivity of the NR2A inhibitor, NVP-AAM077, the results highlight the significance of the relative, rather than absolute, activation of these two NMDA subtypes in modulating cell death pathways. Therefore, the balance between concurrent activation of NR2B-containing and NR2A-containing NMDARs dictates neuronal fate following excitotoxicity.
Introduction
NMDA receptors are key glutamate receptors mediating many important neuronal functions including plasticity, regeneration, and survival (Hardingham and Bading, 2010) . The molecular diversity of the subunits forming NMDA receptors is well described, with different subunit combinations appearing in distinct brain regions (Monyer et al., 1994) . The diversity of these subunit combinations makes the pharmacological control of NMDA receptors complex, yet offers the possibility for the selective blockade of a specific subpopulation of NMDA receptors to better control both the desired effects and deleterious consequences of NMDAR directed therapies in neurological disease and injury (Faden et al., 1988; Waxman and Lynch, 2005) .
Previous work shows the activation of different NMDAR subpopulations plays an influential role in determining if NMDA receptor activation elicits either pro-survival or apoptotic signaling (Hardingham et al., 2002) . Activation of extrasynaptic (NR1/NR2B) NMDA receptors leads to a calcium influx into the mitochondria; this preferred involvement of the mitochondria suggests that the stimulation of NR2B-containing NMDARs is a strong signal for neuronal apoptosis (Bonfoco et al., 1995; Hardingham et al., 2002; Liu et al., 2007) . Alternatively, activation of NR2A-containing NMDARs located at the synapse provides a prosurvival stimulus, and using this preferred receptor activation strategy can even precondition cultured neurons to withstand glutamate insult that would normally cause neuronal death (Soriano et al., 2006) or to remove the mechanosensitivity of the NMDAR (Geddes-Klein et al., 2006) . Clearly, balancing the competing roles of NMDAR subpopulation activation and inhibition is an intriguing and potentially effective approach for developing NMDAR directed therapies for neurological disease.
Three key areas are emerging for understanding the role of NMDA receptor activation on neuronal fate. Local scaffolding of proteins with the NMDAR is one key regulatory point, where the interaction of the NR2B C-terminus with PSD-95 is critical for the activation of nitric oxide mediated signaling; interrupting the interaction will lead to improved outcome following ischemic brain injury (Cui et al., 2007; Gascon et al., 2008) . A second key regulatory point is the potential preferred routing of calcium to the mitochondria following extrasynaptic NMDA receptor activation, which may be partly attributed to the distinct calcium buffering capabilities of synaptic and nonsynaptic mitochondria (Brown et al., 2006; Naga et al., 2007) . The impact of this preferred routing of calcium, though, is less clear. A final regulatory point is the connection between signaling within NMDA receptor microdomains and gene expression, which activate signaling networks that lead to nuclear changes and influence neuronal survival (Bading et al., 1995; Hardingham et al., 2001) .
In this study, we consider the relative consequences of preferred stimulation of NR2B and, alternatively, NR2A-containing NMDARs on both mitogen activated protein kinase (MAPK) signaling and mitochondria morphology. Our overall objective was to understand the relative balance of these two distinct pathways on neuronal survival. Consistent with previous reports, we show NMDA stimulation leads to a rapid and persistent change in mitochondria morphology. The alterations in mitochondria morphology are dependent upon NR2B-containing NMDAR activation, and we find both synaptic and extrasynaptic NR2B-containing NMDARs contribute to the change in mitochondrial morphology that is triggered by NMDA receptor stimulation. Although we find no significant role for stimulation of NR2A-containing NMDARs on mitochondrial morphology, we did observe a rapid and sustained activation of c-jun N-terminal kinase (JNK) from the preferred activation of NR2A-containing NMDARs. Interestingly, we find that blocking JNK activation will erase any neuroprotection conferred by blocking NR2B-containing NMDARs during an NMDA exposure. Together, these data show that the selection of strategies to target NMDAR subpopulations for improving neuronal survival after excitotoxicity relies on key signaling steps mediated by both NR2A-and NR2B-containing NMDARs.
Materials and methods

Cell culture
Primary cortical neurons were isolated from embryonic day 18 rodents, as previously described (Geddes-Klein et al., 2006) . Briefly, embryos (E17-E19) were removed by caesarean section from a timed-pregnant Sprague-Dawley rat and the cortices were removed. Tissue was digested in trypsin/DNase at 37 °C, centrifuged (1000g × 5 min), and filtered to derive a cell suspension. Dissociated cortical neurons were plated onto glass dishes with Neurobasal medium (Invitrogen, Carlsbad, CA) plus B-27 serum-free supplement, GlutaMAX-I supplement, 0.025 mM L-glutamic acid, 50-100 U of penicillin, and 50-100 μg of streptomycin all from Invitrogen). Cells were grown in an incubator at 37 °C and 5% CO 2 in Neurobasal medium with B-27 Serum-free supplement and GlutaMAX-I supplement (Feeding Medium). Cultures were treated with AraC (1 μM, Sigma) starting at DIV 4 and continuing until DIV 8 to minimize glial contamination of the cultures. Past work shows this culturing process yields >90% neurons in the cultures (Lusardi et al., 2004) . Unless otherwise noted, cultures were tested 17-19 DIV after plating.
Drug treatments
For excitotoxic injuries, neurons were treated with NMDA in magnesium-free saline for up to 1 h. The following drug treatments were diluted in HEPES buffered saline (final concentration noted in parentheses): N-methyl-D-aspartic acid (NMDA) (Sigma; 30-100 μM), Ro 25-6981 (Sigma; 20 μM), APV (D(−)-2-Amino-5-phosphonopentanoic acid; Sigma; 50 μM), NVP (NVP-AAM077) (generously provided by Yves Auberson, Novartis, Basel, Switzerland; 500 nM), MK801 ((+)-MK-801 hydrogen maleate; Sigma, 10 μM), bicuculline (50 μM, Sigma), SP600125 (20 μM, EMD Biosciences). In conditions using Ru360, a mitochondrial calcium uniporter inhibitor, we carefully adhered to the preparation methods outlined in earlier studies to maintain activity and minimize compound oxidation (Johnson et al., 2002) , preparing the solution under nitrogen to a stock concentration of 10 mM. Nitrogen gas in an enclosed chamber was bubbled through water and buffered saline to remove oxygen. After reconstitution, aliquots of Ru360 were added to deoxygenated HEPES-buffered saline to 10 μM. Aliquots were kept on ice and wrapped with parafilm and foil. Aliquots were only thawed once, as Ru360 loses significant activity after additional freeze-and-thaw cycles. For control experiments, vehicle saline was applied alone or with pharmacological blockers without NMDA. mammalian expression vector pCDNA3 (Invitrogen). The construct was complexed with Lipofectamine 2000 (Invitrogen) with a reagent-to-plasmid ratio of 3:2. The complex was incubated in Dulbecco's Modified Eagle Medium (BioWhittaker, Basel, Switzerland) at room temperature for 20 min before it was added to the cells. Transfected cells were then incubated in Neurobasal medium (without any supplements) for 4 h at 37 °C and 5% CO 2 before the media was replaced with feeding medium. Cells were ready for use the following day, and the eYFP tag allowed for a determination of mitochondrial morphology. On average, approximately 10% of the cells in a culture were successfully transfected.
Images of the mitochondria were either collected prior to and following NMDA stimulation, or every 10 s for a total of 10 min. In time lapse experiments, NMDA was added to the media approximately 3 min into the imaging sequence. In both protocols, images were collected using appropriately filtered excitation light, using a Hamamatsu C4742-95 digital camera.
Analysis of mitochondria shape
Each mitochondrion in an image was identified manually, and the outline of the mitochondrion was automatically identified using an adaptive threshold algorithm (Nikolaidis and Pitas, 2001 ) which accommodates for variation in the local background fluorescence of each mitochondria. A shape index parameter (SI) was identified for each mitochondrion:
(1) where L is the maximum length and W the maximum width of the outlined mitochondrion.
We defined the difference in the shape index as the difference between the shape of each mitochondrion prior to and following stimulation:
Normally, mitochondria in dendrites often assume a long tubular shape (SI > 1) that can change to nearly spherical following NMDA stimulation (SI ~ 1). Therefore, negative values for ΔSI indicate a contraction and swelling of mitochondria. Mitochondria were quantified from 2 to 21 cultures in each treatment group with an average of N = 75 ΔSI measurements per condition.
Calcium imaging
Cytosolic calcium levels were measured with the calcium sensitive fluorescent dye, Fura-2, as previously described (Geddes-Klein et al., 2006) . Briefly, neurons were incubated in 5 μm fura-2AM for 40 min at 37 °C, 5% CO 2 . Following incubation, neurons were rinsed three times with saline (120 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl 2 , 1.8 mM CaCl 2 , 25 mM HEPES, 15 mM glucose). Cells were excited alternately at 340 and 380 nm and an image of the emission (510 nm) from each excitation wavelength was collected using a Hamamatsu C4742-95 digital camera (Universal Imaging, West Chester, PA, USA) attached to a Nikon TE300 microscope. Images were collected every 10 s. In all experiments, baseline data were recorded prior to NMDA stimulation and emission intensity was monitored continuously for 1 h following NMDA application. The emission intensity images were analyzed on an individual neuron basis to calculate changes in the emission intensity ratio (F 340 /F 380 ) for each neuron in the field of view. All cells within the field of view were analyzed for each experiment. All experiments were performed at room temperature.
To measure calcium uptake by mitochondria, 500 nM Rhod-2 was applied to cortical neurons for 15 min. After rinsing twice with HEPES-buffered saline supplemented with 10 μM glycine, the neurons were either incubated in HEPES-buffered saline for immediate use or inhibitor for 5 min prior to testing. Rhod-2 fluorescence was measured (560 nm excitation; 630 nm emission) using images captured every 5 s for a period of 10 min. Mitochondrial fluorescence change was detected by monitoring the fluorescence intensity of individual pixels in a digitized field containing neuronal processes. Using MetaMorph 7.1.3.0 software (Molecular Devices, Downingtown, PA), individual mitochondria were captured as regions of interest (ROI) using eYFP images as a guide; the resulting ROIs were then analyzed for changes in fluorescence of Rhod-2. The relative change in the fluorescence of the ROI from the initial fluorescence captured in the first image (F o ) was used as a measure of mitochondrial calcium (Babcock et al., 1997) . To avoid single frame bias in the data set, an average of ten images post-NMDA application was divided by the average of ten images pre-NMDA application was considered the change in fluorescence of each ROI, representing a single mitochondrion. The mean fluorescence change of each mitochondrion from 2 to 14 cultures was compiled to calculate the group means.
Cell viability
Cell viability was assessed by measuring LDH secreted into the media from 5 to 9 cultures per treatment group, according to the manufacturer's instructions (CytoTox-ONE™ Homogeneous Membrane Integrity Assay, Promega).
Western blotting
Cortical neurons were washed 3 times with saline and harvested in lysis buffer (10 mM HEPES, pH 7.4, 200 mM NaCl, 30 mM EDTA, 0.5% TritonX-100, 0.5 mM sodium orthovanadate, COMPLETE mini Protease Inhibitor (Roche, Indianapolis, IN)). Cell lysates (3-6 samples per group) were centrifuged at 16,000g for 15 min at +4 °C; supernatants were then collected and stored at −80 °C.
Lysates were loaded in 4-12% Bis-Tris gels (Invitrogen Corp., Carlsbad, CA) and were resolved at 200 V for 1 h. After gel electrophoresis, proteins were transferred to a PVDF membrane (Invitrogen Corp., Carlsbad, CA) at a constant voltage of 10 V overnight (12 h) in 1X transfer buffer (Invitrogen Corp., Carlsbad, CA) containing 20% methanol. Membranes were blocked in 5% dry milk containing 20 mM Tris-HCl (pH 7.4), 1.5 M NaCl, 0.1% Tween-20. The blots were then incubated with primary antibodies for the total JNK (Cell Signaling, #9252, 1:500), phosphorylated JNK (Cell Signaling, #9251, 1:500), ERK (Promega, V114A, 1:3000), phosphorylated ERK (Cell Signaling, 4376S, 1:500), or actin (Chemicon; MAB1501, 1:1000). Following incubation with primary antibodies overnight at +4 °C, blots were incubated with horseradish peroxidase conjugated secondary antibodies (1:2000; Jackson Immuno-Research, West Grove, PA) for 2 h at room temperature. Enhanced chemiluminescence (Perkin Elmer, Boston, MA) reagents were used to visualize the immunoreactivity on X-ray film. Separate protein bands were quantified (42 and 44 kDa separately for ERK; 46 and 54 kDa separately for JNK) with a computer assisted twodimensional densitometric scanning (Kodak 1D Image Analysis Software, Eastman Kodak Company, Rochester, NY). The densitometric readings of phosphorylated proteins were normalized to their corresponding total protein bands.
Statistics
Shape change measurements developed from time lapse images of mitochondrial morphology and relative changes in Rhod-2 fluorescence were analyzed using a one-way ANOVA, followed by Tukey posthoc testing. Cell viability in response to NMDA stimulation was assessed by two-way ANOVA (NMDAR antagonist vs. NMDA application) with Tukey posthoc testing. Cell viability in the presence of SP600125 JNK inhibitor was assess by one-way ANOVA followed by Dunnett's posthoc test to compare NMDA receptor antagonism to SP600125 treatment without NMDA stimulation. The relative increase in ERK and JNK phosphorylation was analyze with one-way ANOVA at each time-point followed by Dunnett's test to compare the individual level of phosphorylation to a common baseline control without NMDA stimulation. Differences between NMDAR antagonists were analyzed with two-way ANOVA (NMDAR antagonist vs. time) followed by Tukey posthoc testing. Differences were considered significant at P < 0.05. All data are presented as mean ± SEM.
Results
Excitotoxicity
We first established experimental conditions that would activate both NR2B and NR2A-containing NMDA receptors. Several features of culturing conditions can influence the timing of expression, localization, and relative composition of NR2A and NR2B-containing NMDARs in cortical neurons. Therefore, we tested our cultures directly with NMDA stimulation to assess the timing and relative amount of calcium loading that occurs under different pharmacological conditions (Fig. 1A) . Following a dose of NMDA (100 μM) capable of activating NR1/NR2A, NR1/NR2A/NR2B and NR1/NR2B NMDAR combinations, three distinct phases of cytosolic calcium increases occurred over 45 min: (1) an initial peak typically within 1-2 min after the start of NMDA stimulation (peak normalized ratio = 4.3 ± 0.6), (2) a subsequent modest recovery that would reduce cytosolic calcium levels over the next 3-5 min by approximately 25% (minimum normalized ratio = 3.2 ± 0.4), and (3) a longer term gradual accumulation of cytosolic calcium that would continue for the duration of time used in monitoring cytosolic calcium (peak normalized ratio = 6.0 ± 1.0). The initial increase and partial recovery of cytosolic calcium could be attributed to the preferred activation of NR2A-containing NMDARs, as it was prevented with NVP-AAM077 pre-treatment. In comparison, the delayed and gradual accumulation of cytosolic calcium is influenced by NR1/NR2B NMDARs, as this component was eliminated with pre-treatment of cultures with ifenprodil. A similar relative reduction in the peak normalized ratio was observed when using Ro 25-6981, an antagonist with higher preferential affinity for the glutamate binding site on NR2B subunit (data not shown).
With this ability to manipulate the activation of different NMDAR subpopulations, we next tested if there were different neuronal survival outcomes among these different stimulation protocols. Past work shows the relative role of NR2A and NR2B-containing NMDARs on pathology, with several cited mechanisms that can contribute to these unique outcomes (Hardingham et al., 2002; von Engelhardt et al., 2007) . When assessing cell death after NMDA stimulation, we observed a statistically significant interaction between NMDAR antagonists and the application of an excitotoxic dose of NMDA (P = 0.008). Tukey posthoc analysis showed our NMDA stimulation protocol led to an increase in cell death (47 ± 12%, P = 0.015 compared to untreated, Fig. 1B ) 24 h following the stimulation as assessed by the release of lactate dehydrogenase (LDH). Cell death was virtually eliminated when neurons were pretreated with the NR2B antagonist Ro 25-6981 (3 μM, 8 ± 5%, P = 0.999 compared to Ro 25-6981 treatment without NMDA, P = 0.031 compared to NMDA treatment without antagonists). In comparison, though, pre-treatment with NVP-AAM077 (500 nM) still triggered significant cell death (P = 0.001 compared to NVPAAM077 alone) following excitotoxic NMDA stimulation, and rather, slightly exacerbated excitotoxicity (62 ± 11% in NVP-AAM077 treated vs. 47 ± 12% with NMDA alone).
Activation of MAP kinases
Recent studies suggest different NMDAR subpopulations are critical for activating some, but not all, members of the MAPK cascade and can therefore play an influential role on neuronal survival signaling. Under this model of NMDA-mediated neuronal death, we first examined if two members of the MAPK family involved in neuronal survival and death (ERK and JNK) were phosphorylated following NMDA stimulation directed towards either NR2B-containing or NR2A-containing NMDARs. Consistent with previous studies, we observed rapid ERK activation following 100 μMNMDA ( Fig. 2A-C) . Phosphorylation of 44 kDa ERK was elevated by 2.4 ± 0.4-fold above baseline levels by 15 min following NMDA insult (Fig. 2B , P = 0.005 44 kDa pERK/ERK at 15 min NMDA vs. untreated baseline). Phosphorylation of 42 kDa ERK progressively increased over the course of the 60 min to 2.4 ± 0.3-fold above baseline p42 ERK levels ( Fig. 2C , P = 0.001 42 kDa pERK/ERK at 60 min NMDA vs. untreated baseline). Two-way ANOVA showed a significant difference between NMDA receptor antagonist on 44 kDa ERK phosphorylation after NMDA stimulation (P = 0.006 main effect of antagonist). Antagonism of NR2B-containing NMDA receptors accelerated the phosphorylation of 44 kDa ERK (Fig. 2B , NMDA + ifenprodil at 5 min 44 kDa pERK/ERK = 2.9 ± 0.4-fold, P < 0.001 compared to untreated baseline) whereas antagonism of NR2A-containing NMDA receptors prevented significant elevation in 44 kDa ERK phosphorylation above baseline levels (P > 0.2 NMDA + NVP-AAM077 at all times vs. untreated baseline). The effect of preferential antagonism of NR2A-and NR2B-containing NMDA receptors on 42 kDa ERK phosphorylation was similar to that observed for the 44 kDa isoform, though, the relative changes in phosphorylation was more modest (Fig. 2C) .
A second member of the MAPK family associated with neuronal fate is the c-jun N-terminal kinase (JNK), which is activated following ischemia, traumatic injury to the brain and spinal cord, and excitotoxic injury (Borsello et al., 2003) . NMDA stimulation did not trigger a statistically significant difference in 54 kDa JNK phosphorylation over the course of 60 min (P = 0.251 main effect of NMDA antagonism). In contrast, two-way ANOVA indicated a significant effect of NMDA antagonism on activation of 46 kDa JNK (Fig. 2F , P = 0.021 main effect of NMDA antagonism). NVP-AAM077 prevented significant elevation of 46 kDa JNK phosphorylation compared to NMDA treatment alone (P = 0.012 Tukey posthoc comparison NMDA vs. NVP-AAM077 pooled over time). In comparison to baseline phosphorylation levels, NMDA stimulation increased 46 kDa JNK phosphorylation by 1.5 ± 0.2-fold (P = 0.003 NMDA at 60 min vs. untreated baseline). Similar to ERK phosphorylation, antagonism of NR2B-containing receptors with ifenprodil resulted in an earlier increase in 46 kDa JNK phosphorylation (Fig. 2F , P = 0.004 NMDA + ifenprodil at 15 min vs. untreated baseline).
Given this specific activation of 46 kDa JNK mediated by NR2A-containing NMDARs, we next assessed if this activation could influence neuronal fate, as detected by LDH release 24 h after NMDA stimulation (Fig. 2G) . We used the same NMDA stimulation protocol that was sufficient to produce a significant LDH release 24 h after stimulation. NMDA stimulation in the presence of the JNK inhibitor SP600125 still triggered significant cell death (38 ± 6% in SP600125 with NMDA-treated cultures, P < 0.001 compared to SP600125 controls). As before, preferred antagonism of NR2A-containing NMDA receptors did not prevent significant cell death (57 ± 10%, P < 0.001 SP600125 + NVP-AAM077 + NMDA vs. SP600125 without NMDA). Interestingly, antagonism of NR2B-containing receptors with Ro 25-6981 was no longer protective in the presence of SP600125 (38 ± 14% in Ro 25-6981 + SP600125 + NMDA treated cultures, P = 0.002 vs. SP600125 without NMDA). These data suggests that modest JNK phosphorylation may contribute to the neuroprotection afforded by inhibition of NR2B-containing NMDARs.
Mitochondrial morphology
To this point, our data showed activation of NR2B-containing NMDARs are important for causing neuronal death, and that early MAPK signaling is an important mediator for the neuroprotection offered by blocking NR2B-containing NMDARs. Next, we focused on the proximal step of NR2B-NMDAR activation, considering if the mitochondria are involved as a downstream regulator of NR2B-NMDAR activation. Several past reports suggest that NMDA stimulation will lead to an accumulation of mitochondrial calcium and the rounding of mitochondrial shape (Peng and Greenamyre, 1998; Rintoul et al., 2003) . Normally, mitochondria exist as long tubular organelles throughout the dendrites (Fig. 3A-C) . Similar to previous reports, we found that NMDA stimulation caused a rapid change in mitochondrial morphology throughout the dendrites (Fig. 3D-F) , with these stimulated neurons showing a much more rounded mitochondria profile within 2 min of NMDA stimulation (ΔSI = −1.61 ± 0.09). Remarkably, only brief periods of NMDA stimulation were necessary to induce long lasting changes in mitochondria shape, as changes in shape caused by only 5 min of NMDA stimulation lasted for at least 1 h following the removal of the stimulus (Fig. 3G) .
We tested the potential contributing roles of NMDAR subpopulations on the measured change in mitochondria shape in 17-19 DIV cortical neurons (Fig. 4) . Although broad spectrum NMDAR antagonism with MK801 prevented any mitochondrial shape change (ΔSI = −0.16 ± 0.1; NS compared to untreated controls), application of an NR2A-preferred antagonist (NVP-AAM077) prior to NMDA stimulation did not prevent the swelling of mitochondria (ΔSI = −1.42 ± 0.13; P < 0.01 compared to untreated; NS compared to NMDA). In contrast, the NR2B antagonist Ro 25-6981 significantly reduced the change in mitochondria shape that was caused by NMDA stimulation (ΔSI = −0.61 ± 0.09; P < 0.01 compared to NMDA treatment). The change in mitochondrial shape in the presence of Ro 25-6981, however, was still greater than in untreated controls (P = 0.04) indicating that non-NR1/NR2B NMDARs also contribute to the change in mitochondrial shape. To discriminate the relative role of synaptic and extrasynaptic NMDARs on the resulting changes in mitochondrial morphology more specifically, we used a combined bicuculline and MK-801 treatment protocol to induce action potential bursting thereby enabling MK-801 to specifically block synaptic NMDARs (Hardingham et al., 2002) . The bursting induced by bicuculline, a GABA A receptor antagonist, only slightly altered mitochondrial shape (data not shown). Applying NMDA to these treated cultures activates only extrasynaptic NMDARs (Hardingham et al., 2002) which was sufficient to trigger significant swelling of mitochondria (ΔSI = −2.03 ± 0.28; P < 0.01 compared to untreated controls, NS compared to NMDA).
Given the discussion in the literature on the relative composition of NMDARs at synaptic and extrasynaptic sites during the maturation of cultures in vitro (Thomas et al., 2006) , we also evaluated mitochondrial swelling in 11-14 DIV cortical neurons (Fig. 4H) . Similar to our results in mature neurons, swelling of mitochondria was not significantly attenuated by blocking NR2A-containing NMDARs with NVP-AAM077 (ΔSI = −1.06 ± 0.28; P = 0.01 compared to untreated, NS compared to NMDA), whereas the NR2B antagonist Ro 25-6981 attenuated the change in mitochondria shape that was triggered by NMDA stimulation (ΔSI = −0.41 ± 0.25; NS compared to untreated controls). Young and mature cultures differed in their response to NMDA when synaptic receptors were blocked with the combined bicuculline and MK-801 treatment. In contrast to mature cultures, extrasynaptic activation in young cultures did not trigger a robust change in mitochondrial shape (ΔSI = −0.38 ± 0.13; NS compared to untreated; P < 0.01 compared to NMDA). These results are consistent with a decrease in fraction of NR2B-containing NMDARs that appear at the synapse in more mature neurons.
Calcium accumulation in mitochondria
Finally, we considered if this mitochondria shape change was linked directly to accumulation of mitochondrial calcium following NMDA stimulation. We studied the role of receptor subtype composition in the accumulation of mitochondrial calcium, as the role of receptors subtype composition on mitochondrial swelling was consistent across culture age (Fig. 4) . Given this similarity among culture age, we focused our studies on 11-14 DIV neurons. Using a calcium sensitive fluorescent dye (Rhod-2) that accumulates in the mitochondria, we found NMDA stimulation led to a rapid increase in average Rhod-2 fluorescence ( Fig. 5A and B, F/F o = 1.33 ± 0.02; P < 0.01 relative to untreated controls). We could block this increase in Rhod-2 fluorescence entirely with APV pre-treatment (F/F o = 1.05 ± 0.01; NS relative to untreated controls), while the relative fluorescence increased using NVP-AAM077 pre-treatment ( Fig. 5C and D, F/F o = 1.55 ± 0.05; P < 0.01 relative to untreated controls). In comparison, inhibiting NR1/NR2B NMDARs with Ro 25-6981 led to a significant reduction in mitochondrial Rhod-2 fluorescence that was not significantly different from untreated controls (Fig. 5E and F, F/F o = 1.06 ± 0.02).
Increased activity of the mitochondrial calcium uniporter (Starkov et al., 2004 ) is one potential mechanism of mitochondrial calcium regulation. To this end, pre-treatment with Ru360 prevented any significant increase in mitochondrial calcium after NMDA stimulation (Fig. 6A and B, F/F o = 1.06 ± 0.02). Interestingly, blockade of NR2A-containing NMDARs and pre-treatment with Ru360 showed a slight increase in mitochondrial calcium (Fig. 6C , F/F o = 1.14 ± 0.02, P = 0.08 vs. untreated controls). This is likely associated with the significant enhancement in mitochondrial calcium elevation caused by NVP treatment alone (Fig. 5G ). In parallel with the attenuation of mitochondrial calcium accumulation, treatment with Ru360 also prevented the mitochondrial swelling that was triggered by NMDA stimulation (Fig. 6D-F) .
Discussion
In this report, we examine the relationship between NMDAR activation, MAPK signaling, and mitochondrial changes on neuronal fate following an excitotoxic insult. Importantly, our data suggests that the relative activation of NR2A and NR2B NMDAR subtypes is sufficient to induced distinct patterns of cytosolic calcium accumulation, JNK-phosphorylation, acute pathologic mitochondrial morphology, and cell death. We show that preferential blockade of NR2A-containing NMDARs reduces 46 kDa JNK phosphorylation, and that blockade of JNK phosphorylation abolished the neuroprotection afforded by antagonism of NR2B subunits in neuronal cultures subjected to excitotoxicity. We show activation of NR1/NR2B NMDARs are important for triggering changes in mitochondrial morphology and influencing neuronal fate, and there is a strong association between mitochondrial calcium accumulation and swelling. Therefore, the balance between the relative activation of NR2B-containing and NR2A-containing NMDARs contribute to neuronal fate following excitotoxicity.
A limiting factor in this study was the use of the only modestly selective NR2A inhibitor, NVP-AAM077 (Berberich et al., 2005; Frizelle et al., 2006; Neyton and Paoletti, 2006; Weitlauf et al., 2005) . NVP-AAM077 displays greater than 100-fold preferential blockade of NR2A-versus NR2B-containing receptors in human recombinant NMDA receptors (Auberson et al., 2002) . In rodent recombinant receptors, the selectivity is significantly reduced-on the order of 10-fold with glutamate agonist and 20-fold with NMDA as the agonist (Frizelle et al., 2006) . Indeed, at the dose used in this study (500 nM), NVP-AAM077 significantly attenuates all NR1/NR2A and approximately 50% of the NR1/NR2B NMDARS expressed in HEK293 cells, with an unknown inhibition of the triheteromeric NR1/NR2A/NR2B NMDA receptors (Bartlett et al., 2007) . However, despite the off-target blockade of NR2B-containing receptors, we still observed a unique response profile in neurons treated with NVP-AAM077 compared to either NR2B inhibition with Ro 25-6981 or total NMDA inhibition with APV. Namely, preferential antagonism of NR2A-containing NMDA receptors with NVP-AAM077 was consistently different than antagonism of NR2B-containing NMDA receptors with respect to neuronal viability, MAPK activation, and excitotoxic changes in mitochondrial morphology. Moreover, we observed consistent changes in mitochondrial morphology when testing mature neurons (17-19 DIV) with a protocol to isolate the extrasynaptic receptors, which are predominantly NR1/NR2B subtypes at this age in culture (Monyer et al., 1994; Thomas et al., 2006) . Therefore, we feel these data provide a meaningful insight into discriminating between NR2B-and NR2A-containing NMDARS.
The role of glutamate on changing the morphology of neuronal mitochondria is well described (Rintoul et al., 2003) . Similar to previous studies, we find that NMDA exposure can cause a rapid swelling of mitochondria, and that this swelling response is irreversible after only 5 min of NMDA treatment. Although past studies showed that the loss of mitochondrial membrane potential and increase in mitochondrial calcium occurs by activating NR2B-containing NMDARs (Hardingham et al., 2002) , our data is the first to show a direct association between NR2B-NMDAR activation, calcium accumulation in the mitochondria, and mitochondrial swelling in cultured neurons. Inhibiting NR2A-containing NMDARs enhanced the accumulation of mitochondrial calcium, despite the reduction in cytosolic calcium, during NMDA treatment. One possible reason for this relative increase in mitochondrial calcium is a shunting of calcium to extrasynaptic mitochondria, further illustrating the significance of distinct routes of calcium influx as mentioned by Tymianski and colleagues (Sattler et al., 1998 ). An additional factor that could explain this enhancement in mitochondrial calcium is the relative buffering ability of synaptically localized and non-synaptic mitochondria. In vitro assays show that synaptic mitochondria have a reduced ability to buffer large amounts of calcium when compared to non-synaptic mitochondria (Brown et al., 2006; Naga et al., 2007) . As a result, preferred activation of NR2B-containing NMDARs would increase the calcium directed to nonsynaptic mitochondria and therefore lead to a relative increase in mitochondrial calcium load. This calcium buffering characteristic of synaptic mitochondria may also explain how a modest increase in mitochondrial calcium occurs in younger cultures when only the NR2A-containing NMDARs are activated. Together, these data suggest that both the intrinsic properties of the mitochondria and selective activation of different NMDAR sub-populations contribute to the calcium signaling and response to NMDA exposure.
These data add to the emerging picture of the role of NMDAR subunit composition and pathways that can regulate neuronal survival. Considerable recent discussion shows the developmental expression and localization of NR2B-containing NMDARs in primary neurons, with evidence showing relatively immature cultures have a large fraction of NR2B-containing NMDARs appearing at the synapse, as well as extrasynaptic locations (von Engelhardt et al., 2007) . A recent paper shows that this developmental expression of NMDAR subunits influences the relative role of NR2B-containing NMDARs on mitochondrial calcium accumulation, and this role becomes more complex in more mature (21-28 DIV) cultures (Stanika et al., 2009 ). In our data, blocking synaptically localized NMDA receptors did not prevent swelling of mitochondria in mature (17) (18) (19) cultures, thereby indicating that the effect of NMDA on mitochondrial morphology was dominated by NR2B-containing, extrasynaptic NMDAR stimulation. In younger cultures, where we expect more NR2B-containing NMDARs at the synapse, blocking synaptically localized NMDARs reduced mitochondrial swelling. Together these data suggest that NR2B-containing NMDARs can trigger mitochondrial swelling from both synaptic and extrasynaptic domains. Given recent evidence that NMDA receptors may traffic laterally between synaptic and extrasynaptic domains (Harney et al., 2008; Zhao et al., 2008) , the interaction between NMDA receptor subtypes and their localization will need to be further elucidated in order to optimize an NMDAR sub-type directed neuroprotective strategy.
As an initial strategy to blunt the effects of NMDA toxicity, a reasonable approach would be to block the receptor subpopulations most responsible for mitochondrial morphology changes. We find excellent neuroprotection by blocking the NR2B-containing NMDARs in maturing neurons, consistent with several previous studies (DeRidder et al., 2006; Liu et al., 2007; von Engelhardt et al., 2007) . Given the numerous reports examining the role of JNK in mediating neuronal death (Philpott and Facci, 2008) , though, it may be surprising that our data show JNK phosphorylation is important for sustaining neuroprotection following the blockade of NR2B-containing NMDARs. One must consider, however, the possible contribution of the different JNK isoforms in mediating the neuroprotection response (Bjorkblom et al., 2008; Waetzig et al., 2006) . Recent work with transgenic mice shows that JNK 1 knockout mice exhibit a significant increase in lesion volume deficit following an ischemic injury, suggesting that JNK 1 plays an important role in neuronal survival (Brecht et al., 2005) . Similarly, activation of JNK 1/2 plays a significant role in survival of cerebellar granule neurons exposed to the NR2B agonist quinolinic acid. In comparison, JNK3 knockout mice show significant attenuation of neurological deficits following ischemia and excitotoxic brain injury (Pirianov et al., 2007; Yang et al., 1997) . Hence, although JNK signaling has been associated with neurodegeneration (Borsello et al., 2003; Yang et al., 1997) , they also play crucial roles in neuroprotection and regeneration (Haeusgen et al., 2009; Waetzig et al., 2006) . Commercially available antibodies for phosphorylated JNK do not distinguish well among phosphorylated JNK 1/2/3 due to their extensive homology (Haeusgen et al., 2009) , and therefore our data do not allow us to determine whether the JNK phosphorylation caused by NMDA stimulation is preferentially targeted to one or more isoforms. In addition, although SP600125 continues to be used ubiquitously to inhibit JNK phosphorylation (Bogoyevitch and Arthur, 2008) , there is some evidence that other kinases may also be affected (Bain et al., 2003) and hence these off target effects may also modulate neuronal survival in response to differential NR2A and NR2B subunit activation. Future work using either targeted knockdown or overexpression techniques would better define the exact role of each isoform in mediating the neuroprotection offered by NR2B-based antagonists.
In summary, our data add to the emerging information on the complex roles that NMDARs play on both survival and degenerative processes in neurons. Changes in the mitochondria morphology are influenced strongly by the dependence of NR2B-containing NMDARs and neuronal maturity, and likely play a strong role in the neuronal death following NMDA toxicity, but our data also suggest that cellular signaling activated during a common receptor specific antagonist approach (NR2B-NMDAR inhibition) also plays an important downstream role in sustaining the neuroprotection afforded by NMDAR antagonists in maturing cultures. These data highlight that combined therapies may be more complex than simply adding one neuroprotective therapy with another, as the combined effect may not be as effective as originally intended. With the emerging role of combined therapies in clinical disorders, these data highlight complex factors for consideration in future studies. Calcium signaling, and neuronal death following NMDA receptor activation. (A) Cultures were treated with 100 μM NMDA (with 10 μM glycine) and Fura-2 imaging data showed an initial peak increase in cytosolic calcium, followed by a partial recovery and subsequent slow accumulation over the ensuing hour. Inhibiting NR2A-containing NMDARs (500 nM NVP-AAM077) attenuated the early transient increase but did not affect the long term rise in cytosolic calcium levels. In contrast, blockade of NR2B-containing NMDARs (3 μM ifenprodil) eliminated the late phase accumulation of cytosolic calcium. (B) Treatment with 30 μM NMDA caused a significant increase in neuronal death, indicated by an increase in LDH release, 23 h following the 1 h NMDA treatment. Blocking NR2A-containing NMDARs did not significantly change the neuronal viability after NMDA treatment, but inhibiting NR2B-containing NMDARs significantly reduced neuronal death to levels observed in control cultures. The differential activation of ERK and JNK from NMDAR subunit activation, and its role in mediating neuronal death. Mitogen activated protein kinase (MAPK) for early response kinase (ERK) and c-jun N terminal kinase (JNK) are elevated following NMDA stimulation (100 μM). Representative western blots and densitometry quantifications are shown for ERK (A-C) and JNK (D-F) activation following NMDA stimulation. Inhibiting NR2A-containing NMDARs led to a significant decrease in both 42 and 44 kDa ERK phosphorylation (B and C). Inhibition of NR2A-containing NMDARs also significantly reduced 46 kDa JNK phosphorylation levels to control levels; cultures treated with an NR2B-containing NMDAR antagonist were not significantly different from NMDA treated cultures (F). (G) NMDA (30 μM) causes a significant increase in LDH release. Inhibiting JNK phosphorylation with 20 μM SP600125 led to a loss in the neuroprotection offered by NR2B antagonism in Fig. 1B . Mitochondria morphology changes following NMDA stimulation. (A-F) Primary cortical neurons were transfected with an eYFP-cytochrome C construct to label individual mitochondrion. Automated image processing yielded a shape index (SI), defined as the maximum length to width, for each outlined mitochondrion. Numbers in each image indicate the shape factor associated with different mitochondria. In the absence of any stimulation, mitochondrion shape index remains stable over time (A-C). In comparison, 5 min of NMDA treatment (100 μMNMDA + 10 μMglycine) causes a noticeable contraction of mitochondria that persists as long as 1 h following stimulation (D-F). (G) The change in the shape factor of each mitochondrion showed differences between NMDA treatment and untreated cultures 10 min after the start of the experiment, and these differences were significantly different 1 h after treatment, indicating the transient stimulation caused a permanent change in mitochondria morphology. The temporary perturbation in the shape factor of untreated cells is attributed by the mechanical disturbance during washout. Scale bars 10 μm. Changes in mitochondria morphology are influenced by NMDAR subunit activation. (A-F) 10 min following NMDA treatment, mitochondrion shape index decreases (A and B). The relative amount of change in mitochondria shape is maintained if the NR2A-containing NMDARs are inhibited prior to NMDA treatment (C and D). Alternatively, the shape of mitochondria is preserved by blocking NR2B containing NMDARs (E and F). (G) Significant differences in the shape factor (ΔSI), defined as the difference between pre-NMDA and post-NMDA shape measures for individual mitochondrion, were observed following NMDA treatment and were not significantly altered when NR2A-containing NMDARs were inhibited. Change in shape of mitochondria was significantly reduced in cultures when NR2B-containing NMDARs were inhibited. Blocking synaptic NMDARs with a pretreatment of bicuculline (Bic) + MK801 treatment did not prevent mitochondrial swelling in mature cultures (G) but significantly reduced swelling in younger cortical cultures (H). NVP in micrographs denote NVP-AAM077. Scale bars 10 μm. Calcium accumulation in the mitochondria is controlled by the activation of NR2B containing NMDARs. Rhod-2 labeled primary neurons were stimulated with NMDA (100 μM) and eYFP labeled mitochondria images were superimposed on the Rhod-2 images to estimate mitochondrial calcium. NMDA treatment caused a significant increase in normalized fluorescence (A and B) and this increase was enhanced further with the inhibition of NR2A-containing NMDARs (C and D). In the presence of the NR2B antagonist Ro 25-6981, NMDA treatment did not cause a significant increase in normalized fluorescence (E and F). (G) NVP in micrographs denote NVP-AAM077. Scale bars 10 μm. Calcium accumulation in the mitochondria is caused by enhanced uniporter uptake and is associated with morphological swelling. Using Rhod-2 fluorescence changes as an indicator of mitochondrial calcium (A and B), normalized changes in fluorescence following NMDA (100 μM) treatment were significantly reduced by inhibiting the mitochondria uniporter uptake with Ru360 (C). Inhibiting the mitochondria calcium uniporter eliminated changes in morphology with NMDA treatment (D-F, P > 0.05 compared to untreated controls). Scale bars 10 μm.
